The chemistry of halogen (X = Cl, Br) and nitrogen containing compounds is of particular interest to stratospheric ozone depletion studies. Although the bromine compounds are more than 100 times less abundant than the chlorine species, bromine is about 40 times more efficient than chlorine for Antarctic ozone loss [1, 2] . Over the last several decades, there has been considerable work devoted to the characterization of chlorine and bromine source and reservoir species in the atmosphere. In 1976, Rowland et al. [3, 4] first suggested that ClONO 2 is a major temporary reservoir for active chlorine. Its later detection in the stratosphere [5] has initiated numerous laboratory studies to elucidate the chemistry of NO x and ClO x coupling reactions. The stratospheric significance of BrONO 2 was reported by Spencer and Rowland [6] on the basis of UV and IR absorption characteristics measurement and the rate of formation from BrO and NO 2 estimation.
Model simulations and field studies of simultaneous nighttime NO 2 and OClO profile can achive better agreement if the formation of halogen peroxynitrites, ClOONO and BrOONO, as less stable isomers of halogen nitrates, ClONO 2 and BrONO 2 , respectively, were assumed to occur in the cold conditions of the polar stratosphere [7] . On the other hand, the involvment of BrOONO cannot account for the difficulties of fitting the data when master equation models were employed on the combination BrO + NO 2 reaction [8] . Already in 1980 Molina et al. [9] have reported an indication of ClOONO isomers formation in the NO 2 + ClO reaction, but further experiments have provided conflicting conclusions on its formation [10, 11] . Structural information of ClONO 2 and BrONO 2 have come from gas-phase spectroscopic studies [12] . Several ab initio studies on the structure and vibrational frequencies of ClONO 2 and ClOONO have been conducted [13] [14] [15] [16] [17] . The recent study on the reaction patway of the ClO + NO 2 reaction has examined the formation of ClONO 2 and ClOONO including their isomerization [18] . Theoretical characterization of BrONO 2 has been a subject of two papers of Parthiban et al. [19, 20] .
Further, the conformational preference of BrOONO [21] and BrONO 2 ↔ BrOONO isomerization [22] peroxynitrite isomer was found in IR spectroscopic studies [23, 24] .
Understanding the photochemistry of these halogen-containing peroxinitrites is important to the investigation of the overall function of halogen containing species in ozone destruction. As pointed out by Lee et al. [25, 26] the lowest singlet excited states of the penta-coordinated Br species occur at too high an energy for it to be destroyed by solar radiation in the lower stratosphere, while the mono-and tri-coordinated Br species will not be photostable due to the electronic states being accessible to the available radiation from the actinic flux. UV spectrum of monovalent chlorine compound ClONO 2 has been probed by Rowland et al. [3] and Manson et al. [27] . The temperature dependence of the UV absorption cross sections has ben determined by Molina et al. [28] and Burkholder et al. [29] . Calculations of excited electronic states of ClONO 2 at the CCSD level of theory have been provided by Grana et al. [30] , while Mühlhäuser et al. [31] have calculated exited states for the both ClONO 2 and BrONO 2 with MRD-CI method. Until now there have been no reports in the literature of the electronic absorption spectra of ClOONO and BrOONO, however, the open question is whether they possess the excited electronic states, which make them easily photodissociated in the lower stratosphere.
The aim of the present study is to provide characteristic fingerprints for identifying ClOONO and BrOONO in UV-Vis experiments and to characterize the nature of electronic transitions based on qualitative molecular orbital consideration. We report the results of multireference configuration interaction calculations, MRD-CI, of vertical excitation energies for transitions from ground state to the low-lying singlet and triplet states and corresponding oscillator strengths for dipole-allowed processes. The effect of halogenation on the transition energies of the electronic spectra are discussed.
Computational Methods
The geometries of halogen peroxy nitrites were fully optimized using the single and double excitation coupled-cluster method, including a perturbation estimate of the effects of connected triple excitations CCSD(T) [32] , with the 6-311G(d) basis set for ClOONO and cc-pVDZ basis set for BrOONO using the Gaussian 03 program package [33] .
The computations of the electronically excited states were performed with the multireference single and double excitation configuration interaction method, MRD-CI, implemented in the Diesel program [34] . We used the correlation consistent AO basis sets of Dunning of double and triple zeta quality [35, 36] . In addition both basis sets were enlarged by s-Rydberg functions located at the nitrogen and by a negative ion function for the halogen atom, thus giving the cc-pVDZ+sp and cc-pVTZ+sp basis sets. The exponents taken are α s (N ) = 0.028 α p (Cl) = 0.049 and α p (Br) = 0.032, which has been found to be suitable in previous calculations on chlorine and bromine species [31, 37, 38] .
The total number of the basis fuctions for ClOONO and BrOONO amounted to 78 (158) and 87 (167), respectively, for the cc-pVDZ+sp (cc-pVTZ+sp) basis sets. Since bromine is a fairly heavy element the scalar relativistic effect could be significant, but the theoretical studies on BrOOBr species [39] For BrOONO, the number of reference configutations amount to 57 and 145, respectively.
From these sets of reference configurations (mains), all single and double excitations in the form of configuration state functions (CSFs) were generated. All configurations of these sets with an energy contribution ∆E(T ) above a given threshold T were selected, i.e., the contribution of a configuration larger than this value relative to the energy of the reference set is included in the final wavefunction. Selection thresholds of T = 10 −7 and T = 10 −8 hartrees were used for double and triple zeta basis sets, respectively, in case of 14 active electrons. The value of T = 5×10 −8 was used for 24 active electrons. The effect of the configurations that contribute less than T = 10 −7 or T = 10 −8 or T = 5 × 10 −8
hartrees is accounted for in the energy computation (E(M RD − CI)) by the perturbative λ-extrapolation [40, 41] . The contribution of higher excitations is estimated by applying Langhoff-Davidson correction formula
where c 2 0 is the sum of squared coefficients of the reference species in the total CI wave- The geometrical parameters of neither ClOONO nor BrOONO are available experimentally but the both species have been characterized theoretically. Previous theoretical studies [13, 15, 17, 21] have predicted that there are two stable conformations of XOONO (X = Cl, Br), namely, the cp global minimum structure and the trans-perp (tp) conformer, which is very close in energy to the cp form. The both conformers differ in the O-NOO To provide information about photoabsorption of ClOONO and BrOONO, we claculated the vertical excitation energies for more stable cp form. The spectra arising from the lowlying excited singlet states of both species are summarized in have shown that spin-orbit coupling has non-negligible influence for some chlorine and bromine species like HOCl, NOCl [42] and HOBr [43] so the weak transitions may also be observed. The excited triplet states of ClOONO and BrOONO involve the same valence excitations, the excitation energies of triplet transitions are also listed in Table 2 .
For ClOONO, the singlet-triplet splitting of the singlet-triplet pairs presented in the table is in the order of 0.3 to 1.0 eV as can be expected for the valence transitions. In the bromine analogue the splitting extends up to 0.6 eV. When the basis set is increased from cc-pVDZ+sp to cc-pVTZ+sp, the computed excitation energies and transition prob- An examination of electronic spectra for chlorine and bromine peroxynitrites in Table   2 shows that all low-lying electronic On the basis of these calculations, it becomes evident that the very strong UV band at around 210 nm and the somewhat less intense band at around 240 nm would support the ClOONO isomer. For comparison, the dominant electronic transitions of ClONO 2 species appear at around 162 nm and 173 nm [31] . Similarly, well separated electronic excitations are predicted for BrOONO and BrONO 2 . For BrOONO the strong band is expected at around 240 nm accompanied with less intense band at around 280 nm, while BrONO 2 is characterized with very strong band at around 163 nm and strong band at around 176 nm [31] .
The present work suggests the following atmospheric implication. In comparison to
ClOONO, BrOONO comprises more low-lying excited states that are accessible to the solar radiation where significant actinic flux exists throughout the lower stratosphere, thus the photolysis of BrOONO could be its removal route. These states are all singlet excited states up to 5 1 A and all triplet states up to 6 3 A for BrOONO, while for ClOONO there are two singlet and three triplet low-lying excited states. However, the dominant electronic excitation of ClOONO falls into the wavelength of atmospheric window.
Conclusion
The low-lying singlet and triplet excited states of ClOONO and BrOONO were investigated at MRD-CI level of theory with double-and triple-zeta correlation consistent basis sets. When the calculated electronic transition related to the first singlet excited state of ClOONO (3.18 eV) and BrOONO (2.58 eV) are compared, it is seen that the transition in the chlorine analogue lies 0.6 eV higher than in the bromine compound, i. e., the transition 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 with sizeable intensity and it is related to the n(Cl) → σ * (O-Cl) type transition.
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